Abstract. Melanoma differentiation-associated-7 (mda-7)/interleukin-24 (IL-24), a unique cytokine-tumor suppressor, exerts tumor-selective killing activity in numerous types of cancer cell. Although eukaryotically and prokaryotically expressed recombinant human (rh)IL-24 proteins have been previously shown to produce potent antitumor effects, to the best of our knowledge, no side-by-side study has been conducted that compares the two proteins directly. In the present study, rhIL-24 protein was expressed in BL21 Escherichia coli transformed with the pET-21a(+)-hIL-24 plasmid by isopropyl-β-D-1-thiogalactopyra noside induction. Following a denaturing and renaturing process, the soluble rhIL-24 was purified using a Q-Sepharose column. rhIL-24 protein was also expressed in Chinese hamster ovary mammalian cells stably transfected with the pcDNA3-hIL-24 plasmid. The in vitro antitumor efficacies of the two treatments were compared using the MDA-MB-231 human breast cancer cell line. Furthermore, the therapeutic efficacies of the bacteria-derived rhIL-24 protein and the liposome-coated pcDNA3-hIL-24 naked plasmid were evaluated in athymic nude mice with subcutaneously xenografted MDA-MB-231 cell tumors. The prokaryotically expressed/purified rhIL-24 protein and the eukaryotically expressed rhIL-24 in the cell supernate were revealed to be capable of efficiently suppressing MDA-MB-231 tumor growth in vitro. Similarly, the administration of bacteria-derived rhIL-24 protein and pcDNA3-hIL-24 naked plasmid also provided therapeutic benefits in the treatment of in vivo MDA-MB-231 xenografted tumors. The retarded in vitro and in vivo breast cancer growth elicited by rhIL-24 was closely associated with the upregulation of the ratio of anti-apoptotic B cell lymphoma 2 (Bcl-2) to pro-apoptotic Bcl-2-associated X protein (Bax), as well as the activation of caspase-3 followed by marked induction of apoptosis, and the notable inhibition of tumor angiogenesis. Thus, the results of the present study indicate that prokaryotically expressed rhIL-24 protein may be an alternate and promising antitumor agent in human breast cancer or other types of cancer.
Introduction
Melanoma differentiation-associated-7 (mda-7)/interleukin-24 (IL-24), a member of the IL-10 family of cytokines, is a unique tumor suppressor (1) . A number of studies have demonstrated that IL-24 exhibits broad spectrum antitumor activity without damaging normal cells (2, 3) . Forced IL-24 expression and exposure to IL-24 induces cell-cycle alteration, apoptosis and toxic autophagy, and consequently elicits growth inhibition in numerous types of cancer cell (2, 3) . IL-24 also directly inhibits vascular endothelial cell differentiation and migration via the IL-20R2/IL-22R heterodimeric receptor (4) and indirectly represses the production of the vascular endothelial growth factor and IL-8 proangiogenic factors (5, 6) , resulting in the suppression of tumor angiogenesis. In addition, IL-24 exerts marked immunomodulatory activity and enhances antitumor immunity through the induction of robust production of IL-6, tumor necrosis factor-α and interferon-γ (7). Furthermore, IL-24 efficiently impairs tumor invasion and migration through the downregulation of phosphatidylinositide 3-kinase (PI3K), focal adhesion kinase and matrix metalloproteinases (8) . Notably, IL-24 exerts potent antitumor bystander activity via IL-20R1/IL-20R2 and IL-20R2/IL-22R-mediated autocrine/paracrine signaling (2, 9) . Most importantly, IL-24 sensitizes cancer cells to radiation-, chemotherapy-, monoclonal antibody-and histone deacetylase inhibitor-induced antitumor effects (2, 3, 10 tumor suppressing cytokine and is currently regarded as a 'magic bullet' for cancer. Breast cancer is the most common type of malignancy (23%) among females worldwide and is the second leading cause of cancer-associated mortality in females (14%) (11) . Conventional therapeutic methods for breast cancer include surgery, chemotherapy, radiation therapy, hormone therapy and targeted therapy, or a combination of these treatments (12) . In spite of significant advances in early detection and considerable clinical therapeutic success, de novo and acquired resistance currently remains a therapeutic challenge in breast cancer treatment. Although the primary lesion may be eradicated, the disease is resistant to the majority of conventional therapeutic methods, which frequently results in relapse and metastasis, thus warranting the search for novel therapeutic strategies and agents for use in breast cancer therapy.
IL-24 has been shown to be substantially downregulated in breast cancer, which contributes to adverse pathological features and poor clinical outcomes (13, 14) . A preclinical animal study revealed that adenovirus-mediated IL-24 gene therapy (Ad.mda-7) is a promising candidate for the treatment of breast cancer (15) . The bacteria fusion protein glutathione-S-transferase-IL-24, a novel therapeutic agent, also exerts cancer-selective killing activity (16) . Furthermore, bacteria-derived arginine-glycine-aspartic acid-modified IL-24 protein exhibits enhanced antitumor activity against breast cancer via targeting the αVβ3 and αVβ5 integrin receptors (17) . However, to the best of our knowledge, no side-by-side studies that compare the antitumor effects of eukaryotically and bacterially expressed recombinant human IL-24 (rhIL-24) protein have been conducted. In the present study, the rhIL-24 protein was expressed in BL21 bacteria transformed with the pET-21a(+)-hIL-24 plasmid and eukaryotic Chinese hamster ovary (CHO) cells stably transfected with the pcDNA3-hIL-24 plasmid, and the antitumor efficacy and underlying mechanisms of the two treatments were directly compared in vitro using the MDA-MB-231 human triple-negative breast cancer cell line that expresses the IL-20R1/IL-20R2 receptor (17) . The in vivo therapeutic efficacy of the bacterial rhIL-24 protein and the pcDNA3-hIL-24 naked plasmid were also analyzed using subcutaneously (s.c.) xenografted MDA-MB-231 breast cancer cell tumors.
Materials and methods
Plasmids, cell lines, reagents and mice. The pUC19-hIL-24 cloning vector containing full-length human IL-24 cDNA was constructed in the laboratory of the Department of Cell and Molecular Biology, Soochow University (Suzhou, China). The pET21a(+) prokaryotic expression plasmid and BL21 bacteria were purchased from Novagen (Beijing, China). The pcDNA3 eukaryotic expression plasmid, Lipofectamine™ 2000 and neomycin (G418) were obtained from Invitrogen (Shanghai, China). The MDA-MB-231 human breast cancer cell line and the CHO cell line were bought from the American Type Culture Collection (Rockville, MD, USA). The QBI-293A human embryonic kidney cell line was provided by Professor Jiang Zhong (Department of Microbiology, College of Life Science, Fudan University, Shanghai, China). The MDA-MB-231, QBI-293A and CHO cells were cultured in RPMI-1640 medium (Invitrogen) supplemented with 10% fetal bovine serum (HyClone, Logan, UT, USA). AxyPrep Plasmid Miniprep, AxyPrep DNA Gel Extraction and AxyPrep DNA Purification kits were purchased from Axygen Biosciences (Union City, CA, USA). BamHI, XhoI, KpnI and XbaI restriction endonucleases, T4 DNA ligase, DL2000 DNA marker and isopropyl-β-D-1-thiogalactopyranoside (IPTG) were obtained from Takara Biotechnology Co., Ltd. (Dalian, China). The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) kit and the mammalian cell lysis kit were purchased from Sigma-Aldrich (Shanghai, China). The Annexin V-fluorescein isothiocyanate (FITC)/propidium iodide (PI) apoptosis detection kit was provided by BD Biosciences (Shanghai, China). The IL-24 antibody and the IL-24 enzyme-lined immunosorbent assay (ELISA) kit were obtained from R&D Systems (Shanghai, China). The antibodies specific for B cell lymphoma 2 (Bcl-2), Bcl-2-associated X protein (Bax), cleaved caspase-3, cluster of differentiation (CD)34 and β-actin were purchased from Cell Signaling Technology, Inc. (Boston, MA, USA). The terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) apoptosis detection kit was bought from Beyotime Institute of Biotechnology (Beijing, China). The UltraSensitive™ SP kit was provided by Fuzhou Maixin Biotechnology Development Co., Ltd. (Fuzhou, China). Four-week-old male athymic BALB/c nude mice were purchased from Shanghai Experimental Animal Center (Shanghai, China) and were maintained in the animal facility at Soochow University (Suzhou, China) according to the Soochow University animal research committee guidelines. The present study was approved by the ethics committee of Soochow University.
Construction of recombinant vectors expressing human IL-24.
The cDNA fragment encoding full-length mature human IL-24 protein minus the signal peptide was amplified by polymerase chain reaction using the pUC19-hIL-24 cloning plasmid as a template and the following pair of primers specific for mature human IL-24: Forward: 5'-CGG ATC CAT GCA GGG CCA AGA ATT CCAC-3' and reverse: 5'-CCT CGA GCT AGA GCT TGT AGA ATT TCT-3'. The primers were subsequently subcloned into the pET-21a(+)prokaryotic expression plasmid at the BamHI and XhoI sites to generate pET-21a(+)-hIL-24. The cDNA fragment encoding the full-length human IL-24 protein containing the signal peptide was directly released from the pUC19-hIL-24 plasmid using KpnI and XbaI double digestion, and was subsequently subcloned into the pcDNA3 eukaryotic expression plasmid at the KpnI and XbaI sites to form pcDNA3-hIL-24.
Expression of rhIL-24.
To analyze human IL-24 expression in a prokaryotic system, BL21 Escherichia coli (E. coli) was transformed with either the pET-21a(+)-hIL-24 construct or the pET-21a(+) control plasmid, and the bacteria were treated with IPTG according to the IPTG kit manufacturer's instructions. Briefly, the BL21/pET-21a(+)-hIL-24 and BL21/pET-21a(+) plasmids were incubated overnight in Luria-Bertani (LB) medium (Sangon Biotech Co., Ltd, Shanghai, China) containing 100 µg/ml ampicillin (Amp; Sangon Biotech Co., Ltd). Subsequently, the bacteria were transferred at a 2% dilution into fresh LB medium with 100 µg/ml Amp. When optical density at 600 nm reached ~0.6, as measured using a SmartSpec 3000 spectrophotometer (Bio-Rad Laboratories, Inc., Hercules, CA, USA), the bacteria were induced using IPTG at a final concentration of 1 mM and then harvested at different time points (0-5 h). To examine human IL-24 expression in a eukaryotic system, the QBI-293A and CHO mammalian cells were transfected with either the pcDNA3-hIL-24 plasmid or the pcDNA3 control plasmid using Lipofectamine 2000 according to the manufacturer's instructions. After 72 h transfection, the supernates and the cell lysates from the QBI-293A transfectants (a high-efficiency transfection cell line) were collected for the measurement of human IL-24 expression levels. At 48 h after transfection, the CHO transfectants were cultured with 1 mg/ml neomycin for 2-3 weeks, replacing culture medium every 3-4 days. CHO/pcDNA3-hIL-24-positive clones expressing IL-24 were further selected and amplified.
Purification of bacterial rhIL-24 protein.
Following the establishment of optimal conditions for prokaryotic expression, the rhIL-24 protein was abundantly induced at the 3 h time point following 1 mM IPTG treatment of BL21/pET-21a(+)-hIL-24 bacteria. The bacteria were harvested at 1,500 x g and washed with 0.9% NaCl solution. Subsequently, the samples were sonicated (Shunmayq, Inc., Nanjing, China) at a high setting (duty time, 30 sec; rest time, 30 sec) at 480 W in an ice bath and centrifuged at 1,500 x g at 4˚C, and the pellets were resuspended in washing buffer (Sangon Biotech Co., Ltd) containing 20% glycerol (v/v), 2% Triton X-100 (v/v), 2 M urea, 50 mM NaCl, 50 mM ethylenediaminetetraacetic acid (EDTA) and 100 mM Tris-HCl (pH 8.0). Following three cycles of washing, the deposit was denatured in 7 M urea with 5 mM dithiothreitol for 4 h. The supernate was collected by centrifugation at 3,600 x g at 4˚C, and was placed in renaturation solution containing 2 M urea, 100 µM PMSF, 50 mM EDTA and 100 mM Tris-HCl (pH 8.2) at 4˚C for 24 h with constant agitation. Subsequently, the renaturation solution containing the rhIL-24 protein was dialyzed for 24 h using phosphate-buffered saline (PBS; Sangon Biotech Co., Ltd), replacing the PBS every 4 h. The resultant solution containing the renatured rhIL-24 protein was loaded onto a pre-equilibrated Q-Sepharose column (GE Healthcare, Beijing, China) according to the manufacturer's instructions. Following a further equilibration step, the renatured rhIL-24 protein was eluted and collected.
SDS-PAGE and western blot analysis.
The IPTG-induced (1-5 h) and uninduced (0 h) BL21/pET-21a(+)-hIL-24 or BL21/pET-21a(+), and the purified rhIL-24 protein samples were boiled in SDS sample loading buffer with β-methasone (Sangon Biotech Co., Ltd) and resolved by 12% SDS-PAGE, respectively. The prokaryotic rhIL-24 protein present in the gels was detected with Coomassie brilliant blue R-250 staining. The IPTG-induced BL21/pET-21a(+)-hIL-24 and purified rhIL-24 protein were then transferred to a nitrocellulose membrane (Sangon Biotech Co., Ltd). The membrane was immunoblotted with mouse anti-human IL-24 monoclonal antibody (1:1,000; Clone 244202, Cat. MAB1965; R&D Systems) for 1 h at 37˚C and washed with Tris-buffered saline with Tween 20 (Sangon Biotech Co., Ltd) three times, followed by incubation with horseradish peroxidise-labeled goat anti-mouse immunoglobulin G (1:3,000; sc-2005; Santa Cruz Biotechnology, Inc., Dallas, Texas, USA) for another 1 h at 37˚C. Subsequently, the membranes were washed and developed using a SuperEnhanced chemiluminescence detection kit (Applygen Technologies Inc., Beijing, China) following the manufacturer's instructions. The protein bands were visualized following exposure of the membrane to Kodak X-ray film (Kodak, Rochester, NY, USA).
EL ISA. The culture super nates der ived from the pcDNA3-hIL-24-and pcDNA3-transfected QBI-293A cells, and the CHO cells were collected, and the quantities of rhIL-24 in the supernates were assessed using the human IL-24 ELISA kit according to the manufacturer's instructions. , the tumor-bearing mice were then subjected to in vivo treatment experiments. The tumor-bearing mice were randomly divided into four groups (eight mice in each group) and intratumorally injected with 2 µg prokaryotic rhIL-24 protein or PBS (serving as a control), and a 1:1 (v/v) mixture of Lipofectamine 2000, and 10 µg pcDNA3-hIL-24 or 10 µg pcDNA3 (control) every other day a total of six times. Tumor progression and regression were monitored daily. The tumor-bearing mice were sacrificed three weeks after treatment. The xenografted tumors were removed, weighted, fixed by 10% neutral formalin and embedded in paraffin for hematoxylin and eosin staining, and immunohistochemical analysis.
Immunohistochemical analysis. The in vivo expression levels of Bcl-2, Bax, cleaved caspase-3, CD34 and IL-24 in the treated and untreated s.c. xenografted MDA-MB-231 human breast cancer cell tumor sections were examined by immunohistochemistry using the UltraSensitive™ SP kit according to the manufacturer's instructions. The detection of buffy or brown diaminobenzidine precipitates is indicative of positive reactivity. The microvessel density (MVD) in the tumor sections was examined by CD34 immunostaining, as previously described (18) . Any endothelial cell cluster immunoreactive for CD34 clearly separated from the adjacent microvessels was considered a single countable vessel. To analyze the numbers of apoptotic cells in the MDA-MB-231 xenografted tumors, the tumor sections were further examined for the presence of apoptosis using the TUNEL apoptosis detection kit according to the manufacturer's instructions. Each value indicates the number of immunoreactive cells, microvessels or apoptotic cells counted at a high-power microscopic view (x200). The mean value signifies the average number derived from five high-power fields from each sample.
Statistical analysis. All data are presented as the mean ± standard deviation. The significance of the difference between groups was evaluated by Student's t-test with SPSS 10.0 software (SPSS, Inc., Chicago, IL, USA). P<0.05 was considered to indicate a statistically significant difference.
Results
Expression and purification of rhIL-24. Following IPTG induction, the E. coli BL21/pET-21a(+)-hIL-24 strain expressed a protein band at ~18.5 kDa molecular weight, which was particularly evident after 3 h induction (Fig. 1A) . This is consistent with the theoretical molecular weight of unmodified mature human IL-24 protein. This band did not appear in the IPTG-uninduced strain or the IPTG-induced BL21/pET-21a(+) control strain (data not shown). Western blot analysis (Fig. 1B) further verified that this band was the human IL-24 protein. To purify the rhIL-24 protein derived from the prokarytotic expression system, the BL21/pET-21a(+)-hIL-24 stain was abundantly A B C D cultured and induced by IPTG for 3 h. The rhIL-24 insoluble inclusion body was then collected and denatured. Subsequently, the rhIL-24 soluble protein was renatured and purified through a Q-Sepharose column. SDS-PAGE (Fig. 1A) and western blot analysis (Fig. 1B) revealed that the purified protein was relatively pure rhIL-24 protein. In addition, the rhIL-24 expression levels in the mammalian cells, QBI-293A cells transiently transfected with pcDNA3-hIL-24 and CHO cells stably transfected with pcDNA3-hIL-24, were determined by ELISA analysis of the respective culture supernates (Fig. 1C) . To further analyze the stability of the purified bacteria rhIL-24 protein and the naked plasmid-mediated IL-24 expression in vivo, the s.c. xenografted MDA-MB-231 human breast cancer tumors were removed for immunohistochemical analysis of IL-24 at three weeks after the initiation of treatment. In vivo IL-24 expression, following intratumoral injections of soluble rhIL-24 protein, was persistently detected, which indicated that the purified rhIL-24 protein was relatively stable and durable (Fig. 1D) . Intratumoral injections of the liposome-coated pcDNA3-hIL-24 naked plasmid were also capable of efficiently inducing in vivo IL-24 transgene expression (Fig. 1D) .
rhIL-24 suppresses breast cancer cell growth.
To examine the cytotoxic activity of prokarytotic bacteria-and eukaryotic cell-derived rhIL-24 against MDA-MB-231 human breast cancer cells, the cells were treated with purified rhIL-24 protein from prokarytotic BL21 bacteria and rhIL-24 supernate from the CHO eukaryotic mammalian Fig. 2A-C) . Furthermore, the in vivo growth of s.c. xenografted MDA-MB-231 cell tumors in athymic nude mice was efficiently retarded when the tumors were treated with rhIL-24 protein or rhIL-24 supernate (p<0.05; Fig. 2D-G) . These results indicated that prokarytotic system-derived renatured rhIL-24 protein and eukaryotic system-derived rhIL-24 were capable of significantly inhibiting MDA-MB-231 tumor growth in vitro and in vivo.
rhIL-24 induces breast cancer apoptosis.
To analyze the underlying mechanism of rhIL-24-elicted MDA-MB-231 tumor cell cytotoxicity, the MDA-MB-231 human breast cancer cells were treated with purified rhIL-24 protein or rhIL-24 supernate for 24-72 h. The tumor cells were then harvested and subjected to apoptotic analysis using Annexin V-FITC/PI double-staining. Treatment with rhIL-24 protein induced MDA-MB-231 tumor cell apoptosis in a time-dependent manner (Fig. 3A) . As compared with the PBS control group, significantly greater numbers [9.5% (24 h), 30.3% (48 h) and 50.2% (72 h)] of late apoptotic cells were observed in the rhIL-24 protein-treated group (p<0.05; Fig. 3A) . Comparable with the apoptosis-inducing effect of the bacterial rhIL-24 protein, the eukaryotically expressed rhIL-24 supernate also significantly induced MDA-MB-231 tumor cell apoptosis (P<0.05; Fig. 3B ), in particular at 72 h.
To further verify the in vivo induction of apoptosis in rhIL-24 protein-and rhIL-24 supernate-treated, and untreated control (Fig. 3C ) and a TUNEL assay (Fig. 3D) were performed. Consistent with the in vitro flow cytometric analysis of apoptosis, the two forms of rhIL-24 protein also significantly induced in vivo apoptosis in MDA-MB-231 tumor cells s.c. implanted in athymic nude mice (p<0.05).
rhIL-24 upregulates Bax/Bcl-2 and activates caspase-3.
To elucidate the underlying molecular mechanism of the IL-24-mediated antitumor effects, the expression levels of Bcl-2 family proteins associated with apoptosis, such as Bcl-2 and Bax, and cleaved caspase-3, in the s.c. xenografted MDA-MB-231 human breast cancer cell tumors following the different treatments were assessed by immunohisto- chemistry. The expression levels of the Bcl-2 antiapoptotic molecule in the rhIL-24 protein and rhIL-24 supernate groups were significantly reduced, whereas the proapoptotic molecule Bax expression levels in these groups were significantly increased (Fig. 4A) . Significantly increased cleaved caspase-3 expression levels were also observed in the rhIL-24 protein and rhIL-24 supernate groups (Fig. 4A) . These results indicated that bacteria rhIL-24 protein and eukaryotically expressed rhIL-24 supernate treatment efficiently induced MDA-MB-231 breast cancer apoptosis via upregulation of the Bax/Bcl-2 ratio and activation of caspase-3. The effect of the rhIL-24 protein and the pcDNA3-hIL-24 naked plasmid expressing human IL-24 on the in vivo expression levels of Bcl-2, Bax and cleaved caspase-3 in s.c. xenografted MDA-MB-231 cell tumors was further verified by immunohistochemical analysis (Fig. 4B-D) .
rhIL-24 inhibits tumor angiogenesis. Positive CD34 expression was predominantly evident as brownish yellow or brownish granules in the vascular endothelial cells of the s.c. xenografted MDA-MB-231 human breast cancer cell tumors (Fig. 5A ).
As compared with the respective PBS and pcDNA3 control groups, the CD34 expression levels in tumor vascular endothelial cells in the rhIL-24 protein and pcDNA3-hIL-24 treated groups were reduced (Fig. 5A) . Furthermore, the MVD values (Fig. 5B ) counted in the rhIL-24 protein and pcDNA3-hIL-24 groups were significantly less than those in the respective PBS and pcDNA3 control groups (p<0.05). These data indicated that treatment with the bacterial rhIL-24 protein and the pcDNA3-hIL-24 naked plasmid expressing human IL-24 efficiently suppressed in vivo tumor angiogenesis in xenografted MDA-MB-231 breast cancer cell tumors.
Discussion
Numerous studies have revealed that cytokine-tumor suppressor IL-24 inhibits tumor cell growth and induces apoptosis in a large variety of cancer cell types via the activation of double-stranded RNA-dependent protein kinase, p38 mitogen-activated protein kinase, c-Jun NH 2 -terminal kinase and endoplasmic reticulum stress-mediated unfolded protein response signaling pathways, and the inhibition of the β-catenin and PI3K signaling pathways (3, 19 (19, 20) . Bacterially expressed rhIL-24 protein has also been demonstrated to exert cancer-specific killing activity, providing an alternate therapeutic reagent for cancer therapy (16) . rhIL-24 protein has been previously demonstrated to exert in vitro and in vivo antitumor effects in lung cancer (21) and gastric cancer (22) . In the present study, the antitumor activity of bacteria-and CHO mammalian cell-derived rhIL-24 protein, and pcDNA3-hIL-24 naked plasmid were assessed in the IL-20R1/IL-20R2-expressing MDA-MB-231 human breast cancer cell line in vitro and in vivo. The data revealed that the prokarytotic system-derived rhIL-24 protein and the eukaryotic system-derived secretory rhIL-24 protein were capable of efficiently suppressing MDA-MB-231 tumor growth in vitro. In the animal experiments, the bacterially expressed rhIL-24 protein and the pcDNA3-hIL-24 naked plasmid exerted significant antitumor activity on subcutaneously xenografted MDA-MB-231 breast cancer cell tumors. Flow cytometric analysis and TUNEL assay further verified that the antitumor efficacy of rhIL-24 in breast cancer was dependent on the induction of apoptosis. These results were consistent with 
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those of a previous study that observed that N-glycosylation of IL-24 was not mandatory for tumor cell-specific apoptosis or bystander antitumor activity (23) . The ratio of Bax/Bcl-2 pro-to antiapoptotic molecules constitutes a rheostat that sets the threshold of susceptibility to caspase-3 activation and apoptosis for the intrinsic pathway (24) . In the present study, to elucidate the underlying molecular mechanism responsible for the induction of apoptosis, the Bcl-2 and Bax apoptosis-associated proteins and cleaved caspase-3 were examined using western blot analysis and immunohistochemistry. Therefore, the rhIL-24-elicited upregulation of Bax/Bcl-2 and the activation of caspase-3 may contribute to IL-24-induced tumor suppression in breast cancer.
Tumor angiogenesis is also a prerequisite for successful tumor growth and formation of metastases (25) . Antiangiogenic therapy is regarded as a potential and nontoxic therapeutic strategy in cancer therapy (26) . A great deal of data have revealed that IL-24 inhibits tumor angiogenesis via direct interaction with IL-20R2/IL-22R on vascular endothelial cells (4) and via an indirect reduction in the production of proangiogenic factor (5, 6) . In the present study, CD34 immunohistochemical analysis revealed that rhIL-24 downregulated CD34 expression and reduced MVD in s.c. xenografted breast cancer cell tumors, which may be an additional important mechanism responsible for rhIL-24-mediated in vivo breast cancer growth suppression in athymic nude mice.
In conclusion, in the present study, prokaryotically and eukaryotically expressed rhIL-24 were demonstrated to efficiently suppress MDA-MB-231 tumor growth in vitro. Similarly, bacteria-derived rhIL-24 protein and pcDNA3-hIL-24 naked plasmid administration also provided therapeutic benefits for xenografted MDA-MB-231 cell tumors in vivo. The retarded breast cancer growth elicited by rhIL-24 was closely associated with the induction of apoptosis induced by upregulation of the Bax/Bcl-2 ratio and activation of caspase-3, and the marked inhibition of tumor angiogenesis. Thus, these results indicate that prokaryotically expressed rhIL-24 protein may be an alternate and promising antitumor agent for the treatment of human breast cancer or other types of cancer.
